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Gastric cancer is one of the most common gastrointestinal malignancies and is associated with poor prognosis.
Exploring alterations in the proteomic landscape of gastric cancer is likely to provide potential biomarkers for early
detection and molecules for targeted therapeutic intervention. Using iTRAQ-based quantitative proteomic analysis, we
identified 22 proteins that were overexpressed and 17 proteins that were downregulated in gastric tumor tissues as
compared to the adjacent normal tissue. Calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2) was found
to be 7-fold overexpressed in gastric tumor tissues. Immunohistochemical labeling of tumor tissue microarrays for
validation of CAMKK2 overexpression revealed that it was indeed overexpressed in 94% (92 of 98) of gastric cancer
cases. Silencing of CAMKK2 using siRNA significantly reduced cell proliferation, colony formation and invasion of gastric
cancer cells. Our results demonstrate that CAMKK2 signals in gastric cancer through AMPK activation and suggest that
CAMKK2 could be a novel therapeutic target in gastric cancer.

Introduction

Gastric cancer is one of the most common causes of cancer
related mortality in the world.1 Adenocarcinoma accounts for
95% of gastric malignancies.2 Gastric cancer is associated with
poor prognosis3 and patients with gastric cancer often present
symptoms that are non-specific including heartburn, early satiety,
mild abdominal pain and nausea.4 In recent years, kinases have
become one of the most intensively studied group of proteins as
drug targets. To date, the FDA has approved 11 kinase inhibitors
for cancer therapy.5 Imatinib, a small molecule inhibitor against
BCR-ABL tyrosine kinase revolutionized the treatment of

patients with chronic myelogenous leukemia.6,7 Other targeted
therapies include erlotinib and gefitinib, targeting EGFR in non
small cell lung cancer8 and trastuzumab in HER2 positive breast
cancer.9 Targeted therapy in gastric cancer is limited and till date
trastuzumab is the only approved targeted agent for HER2posi-
tive gastric cancer.10 However, unlike the poor prognosis associ-
ated with HER2 positivity in breast cancer, the prognostic value
of HER2 in gastric cancer is controversial.11 Apart from HER2,
potential therapeutic targets such as MET12 and FGFR213 are
pending clinical validation in gastric cancer.

Mass spectrometry-based proteomic analysis has facilitated the
discovery of dysregulated proteins in multiple cancer types14-20
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and has emerged as an attractive approach to identify candidate
biomarkers for diagnosis/prognosis and for identification of
potential therapeutic targets. We have previously carried out
quantitative proteomic studies leading to the identification of
novel biomarkers in esophageal squamous cell carcinoma19 and
hepatocellular carcinoma.15 Similar approaches have also been
used by us and other groups to identify potential biomarkers
in gastric cancer using secretome, plasma and cell based
models.21-25 In this study, we used high-resolution mass spec-
trometry coupled with iTRAQ-based quantitative approach for
proteomic analysis of gastric cancer to identify proteins which are
differentially expressed. Of the 39 differentially expressed pro-
teins identified in this study, calcium/calmodulin-dependent
protein kinase kinase 2 (CAMKK2) was identified as an
overexpressed protein and an attractive target for further explora-
tion due to the well established connection between calcium sig-
naling and cancer pathogenesis.26,27 Alterations in Ca2C

signaling are reported to contribute to multiple aspects of tumor
progression such as proliferation, migration, invasion and metas-
tasis.28 Calmodulin (CaM) is one of the key proteins that triggers
various signaling events in response to an increase in intracellular
levels of Ca2C ions. Upon binding with Ca2C, CaM activates
downstream serine/threonine protein kinases such as calcium/cal-
modulin-dependent protein kinase kinases (CAMKK) which
include CAMKK1 (a) and CAMKK2 (b). These further activate
calmodulin-dependent kinases (CaMK) including CAMKI,
CAMKII and CAMKIV.29,30 CAMKK2 is also known to regu-
late 50adenosine mono phosphate activated protein kinase
(AMPK), which is involved in energy homeostasis, cell cycle reg-
ulation, cytoskeletal reorganization and autophagy.31,32

CAMKK2 has recently been shown to be an androgen responsive
gene and silencing its expression repressed tumor growth in pros-
tate cancer.33,34 However, the role of CAMKK2 in gastric cancer
remains unexplored. In this study, we have assessed the potential
of CAMKK2 as a novel therapeutic target in gastric cancer.

Results

Identification of proteins with altered expression in gastric
adenocarcinoma through quantitative proteomics

Primary gastric adenocarcinoma tissue and corresponding
adjacent non-neoplastic tissue from 5 patients was subjected to
quantitative proteomic analysis to identify differentially expressed
proteins in gastric tumors. Details of the patients and tumors are
provided in Table S1. The extracted proteins were digested with
trypsin, labeled with iTRAQ reagents, fractionated by SCX chro-
matography and analyzed using mass spectrometry. The overall
experimental workflow used in this study is illustrated in
Figure 1. A total of 666 proteins were identified and their fold-
change values were calculated based on reporter ion intensities.
Proteins identified with a fold change of �2 were reported to be
overexpressed while those with a fold change of �0.5 were con-
sidered to be downregulated. With these selection criteria, 22
proteins were found to be overexpressed and 17 proteins were
downregulated in gastric adenocarcinoma tissue. Of the 22

overexpressed proteins, 13 were identified for the first time in
association with gastric adenocarcinoma. These include
CAMKK2, Filamin-A (FLNA) and Prolargin (PRELP) which
were overexpressed 7, 2.6 and 2-fold, respectively. A complete
list of differentially expressed proteins in gastric adenocarcinoma
is provided in Table S2.

Representative MS/MS spectra of a subset of the novel pro-
teins are depicted in Figure 2. In addition, we also identified pro-
teins such as transgelin, biglycan and heat shock 27 kDa protein,
which have been reported by other research groups to be overex-
pressed in gastric cancer.35-37 MS/MS spectra of a subset of
known differentially expressed molecules are provided in
Figure S1. A partial list of novel and previously reported differen-
tially expressed proteins identified in this study are provided in
Table 1.

Immunohistochemical validation of CAMKK2
overexpression in gastric tumor tissues

Tissue microarray-based immunohistochemical validation was
carried out using 98 cases of gastric adenocarcinoma and 115
samples of non-neoplastic gastric epithelial tissue. Staining inten-
sity was scored as negative (0), weak (1C), moderate (2C) or
strong (3C). About 94% (92 of 98) of gastric adenocarcinoma
cases showed moderate to strong staining while 80% (92 of 115)
of the non-neoplastic gastric epithelia showed negative to weak
staining. A Chi-square test confirmed that the overexpression of
CAMKK2 in tumor tissues was statistically significant (p-val-
ue=1.9e-26). The results of the immunohistochemical validation
are provided as Table 2. CAMKK2 was observed to be predomi-
nantly localized in the cytoplasm. Representative staining
patterns for CAMKK2 in gastric adenocarcinoma tissues and
non-neoplastic mucosa are provided in Figure 3.

Silencing of CAMKK2 decreases cellular proliferation in
gastric cancer cells

Overexpression of CAMKK2 has been previously reported in
prostate cancer where it has been shown to regulate cell prolifera-
tion.33,34 Given that we observed CAMKK2 to be abundantly
expressed in the gastric cancer, we sought to study the functional
significance of its overexpression in gastric cancer. We assessed
the expression of CAMKK2 in a panel of gastric cancer cell lines
(AGS, NCI-N87, KATO III, and SNU-16) and found detectable
expression of the protein in all cell lines (Fig. 4A). Cancer cells
often have higher proliferative capacity than their normal coun-
terparts. To determine whether CAMKK2 activity had any effect
on cell proliferation, we silenced the expression of CAMKK2 in
gastric cancer cell lines using specific siRNAs. Knockdown of
CAMKK2 expression led to a decrease in proliferation of AGS,
KATO-III, NCI-N87 and SNU-16 cell lines (Fig. 4B–E). As our
results indicate that CAMKK2 plays a potential role in prolifera-
tion of gastric cancer cells, we next studied the colony forming
ability of the gastric cells with suppression of endogenous
CAMKK2. In agreement with the cell proliferation data, we
observed that siRNA-mediated silencing of CAMKK2 resulted in
a significant decrease in the colony formation ability of the gastric
cancer cell line AGS (Fig. 5A and B).
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Silencing of CAMKK2 decreases the
invasive property of gastric cancer cells

Having observed that inhibition of
CAMKK2 leads to a decrease in both
proliferation and colony forming ability
of gastric cell lines, we tested whether
CAMKK2 plays a role in gastric cancer
metastasis. Gastric cancer cell lines AGS,
NCI-N87, KATO-III and SNU-16 were
used as in vitro models in which the
endogenous expression of CAMKK2 was
silenced using CAMKK2 specific siRNA.
After 72 h, there was a significant
decrease in the invasive ability of the
AGS and KATO-III cell lines (Fig. 5C
and D). NCI-N87 and SNU-16 cell lines
were found to be non-invasive (data not
shown). These results suggest that inhibi-
tion/silencing of CAMKK2 remarkably
decreases the ability of cells to invade the
extracellular matrix.

Silencing of CAMKK2 decreases
AMPK activity in gastric cancer cells

Since CAMKK2 is known to phosphor-
ylate AMPK on Thr 172 in response to
altered calcium levels,38 we studied the
effect of CAMKK2 silencing on AMPK
phosphorylation in a panel of gastric cancer
cells. Silencing of CAMKK2 using siRNA
decreased p-AMPKa levels without affect-
ing the total AMPKa levels in the gastric
cancer cell lines. As AMPK is reported to
phosphorylate FoxO3a on Ser 413,39 we
examined the effect of CAMKK2-AMPK
pathway on FoxO3a phosphorylation.
FoxO3a activity and expression were
unaffected by silencing of CAMKK2
(Fig. 6). These results indicate that
although CAMKK2 is required for
AMPKa phosphorylation, FoxO3a phos-
phorylation is unaffected in gastric
cancer.

Discussion

Mass spectrometry has become a
method of choice to identify differen-
tially expressed proteins facilitating the
discovery of potential biomarkers and
drug targets. CAMKK2, a serine threo-
nine kinase of Ca(2C)/calmodulin-dependent protein kinase
subfamily, was found to be 7-fold overexpressed in gastric
tumor tissue, making it an attractive candidate for further

verification. Apart from CAMKK2, we also identified several
proteins including Filamin A and Prolargin which were
overexpressed more than 2-fold. Filamin-A is an actin

Figure 1. Experimental workflow employed to analyze the gastric cancer tissue proteome.
Equal concentrations of protein from both tumor and non-neoplastic tissue were extracted,
digested and labeled with iTRAQ reagents. The labeled samples were pooled and fraction-
ated using strong cation exchange chromatography. The sample fractions were analyzed
using a quadrupole time-of-flight mass spectrometer. The MS/MS data was searched against
Refseq45 protein database using Sequest and Mascot search algorithms. The overexpressed
protein CAMKK2 was validated using immunohistochemistry.
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binding protein involved in cytoskeleton remodeling. It pro-
motes mitosis by binding to cdc25C40 and has been shown
to promote cell motility and migration in a variety of

cancers such as lung cancer, melanoma, prostate cancer
and breast cancer.41 Prolargin or proline/arginine-rich end
leucine-rich repeat protein is present in the extracellular
matrix where it binds to collagen. There are no reports of
differential expression of prolargin in any cancer. These
proteins can be pursued for their potential as biomarkers
using larger patient cohorts in future studies. In the current
study, we focused on the potential of CAMKK2 both as
a potential diagnostic marker and a therapeutic target in
gastric cancer. Tissue microarray-based immunohistochemical
validation confirmed the overexpression of CAMKK2 in
a larger cohort, confirming its potential as a diagnostic
marker.

Apart from the discovery of biomarkers for early diagno-
sis, a critical need is the development of pharmacological
inhibitors for use as therapeutic agents in cancer including
gastric cancer. Previous studies in prostate cancer have dem-
onstrated the potential of CAMKK2 as a therapeutic target.
Pathway analysis on our dataset using Ingenuity pathway
analysis tool, led to the identification of 6 other proteins
with CAMKK2 (ACTA2, CALR, MYH11, TPM1, TPM2,
TPM4) which belong to the calcium signaling pathway that
were differentially expressed in our study. Additionally, we
identified 2 proteins of the S100 family of the calcium-bind-
ing proteins overexpressed in gastric tumor tissue (S100A6 -
2-fold and S100A8 - 2.1-fold). Both of these proteins have
been reported to be overexpressed in gastric cancer.42,43

These results are indicative of the possible role of aberrant
Ca2C signaling in gastric cancer progression.

The molecular mechanisms regulating the enzymatic activ-
ity of CAMKK2 are not clearly understood. CAMKI, CAM-
KIV and AMPK have been reported as downstream targets
of CAMKK2.44 It has been shown that CAMKK2 activation
is required for it to bind to AMPK, although not reported
as a requirement for its association with the other sub-
strates.45 CAMKK2 has been reported to stimulate AMPK
in prostate cancer.34 We studied the effect of CAMKK2
knockdown by siRNA in gastric cancer cell lines. We
observed CAMKK2 knockdown led to decreased phosphory-
lation of AMPKa without affecting FoxO3a activity. The
exact mechanism of this signaling network in gastric cancer
is unclear from our current data and is beyond the scope of
this manuscript. Our results reveal that silencing CAMKK2
significantly decreased gastric cancer cell viability. Cancer
cells have the increased ability to invade local tissues as well
as metastasize to distant organs and often negatively influ-
ence the treatment outcome. We report that CAMKK2 plays
a significant role in the invasive property and colony forma-
tion ability of the gastric cancer cells. It is clear from our
findings that CAMKK2 plays a crucial role in gastric cancer
cell proliferation and can serve as a potential therapeutic tar-
get in gastric cancer. A detailed understanding of the func-
tion of CAMKK2 in gastric cancer is much needed and
requires in vivo and in vitro models. Our work provides a
scaffold for future studies to systematically investigate the
role of CAMKK2 in gastric cancer.

Figure 2. Representative MS/MS spectra of novel overexpressed proteins
in gastric adenocarcinoma tissues. (A) Calcium/calmodulin-dependent
protein kinase kinase 2 (7-fold). (B) Prolargin (2.6-fold) (C) Filamin-A iso-
form 1 (2-fold).
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Materials and Methods

Tissue samples
Tumor and adjacent non-

neoplastic tissue samples were
procured from operable cases
of gastric cancer at Kidwai
Memorial Institute of Oncol-
ogy, Bangalore, India. Fresh
tissue samples were collected
from patients during surgery
with informed consent after
obtaining Institutional Review
Board approval. Patients
undergoing or with prior radio
or chemotherapy were
excluded from this study.
Tumor and adjacent non-neo-
plastic gastric epithelial
regions of the resected tissue
specimens were determined by
an experienced pathologist.
The tissues were stored at
¡80�C until use.

Sample preparation
Five pairs of tumor and

adjacent non-neoplastic tissue
specimens were used for 4-plex iTRAQ labeling experiment.
Sample preparation and iTRAQ labeling was carried out as
described earlier.19 Briefly, 100 mg of tissue was homogenized in
0.5% SDS using a hand-held disruptor and sonicated. The pro-
tein concentrations of tissue lysates were estimated using Lowry’s
method46 and the samples were normalized based on protein
concentration. Equal amounts of protein were pooled from the
tumor and adjacent non-neoplastic tissue lysates to obtain 2
pools each with a final concentration of 160 mg. The samples
were then reduced using tris (2-carboxyethyl) phosphine (TCEP)
at 60�C for 1 hr. Subsequently, alkylation was carried out using
methyl methanethiosulfonate (MMTS) at room temperature for
10 min. The samples were digested using sequencing grade mod-
ified trypsin (Promega, catalog #V5111) (1:20) at 37�C over-
night. The tryptic digests were then vacuum dried and stored at
¡80�C until further analysis.

iTRAQ labeling and SCX fractionation
The tryptic peptides were reconstituted in 25 ml dissolution

buffer and the non-neoplastic and tumor samples were split in to
2 fractions each serving as technical replicates. The peptide
digests were labeled with one of the 4 iTRAQ reagents at room
temperature for an hour. Peptides from non-neoplastic tissues
were labeled with iTRAQ reagents containing 114 and 115
reporter ions, while peptides from tumor tissues were labeled
with iTRAQ reagents containing 116 and 117 reporter ions. The
labeled samples were then combined, diluted 4-fold and the pH
was adjusted to 2.7 with 10 mM KH2PO4, 20% acetonitrile

solution. The pooled sample was then subjected to strong cation
exchange chromatography using a PolySULFOETHYL A col-
umn (200 £ 2.1 mm, 5 mm, 200 A

�
, PolyLC Inc., cata-

log#202SE0502). Peptides were loaded onto the column at a
flow rate of 200 ml/min and eluted using a 30 min gradient
from 8–50% of 10 mM KH2PO4, 350 mM KCl, 20% acetoni-
trile solution. The fractions collected were dried, reconstituted in
0.1% TFA, desalted using C18 Stage Tips (3M Empore high-per-
formance extraction disks) and stored at ¡20�C until further
analysis.

Mass spectrometry and protein quantitation
LC-MS/MS analysis was carried out on a 6520 Accurate Mass

Quadrupole Time-of-Flight (QTOF) mass spectrometer (Agilent
Technologies, Santa Clara, California, USA) interfaced with an
HPLC chip cube system (Agilent Technologies, catalog #
G4240-62001). Samples were injected onto the enrichment col-
umn using Agilent 1200 series capillary liquid chromatography
system fitted with an autosampler. For the enrichment step, an
injection flush volume of 4 ml was used. The peptides were
eluted using a gradient of 3-40% of 90% acetonitrile containing
0.1% formic acid at a flow rate of 400 nl/min for 30 min. Data-
dependent acquisition was carried out using Mass Hunter soft-
ware. A precursor survey scan was carried out for 1 second (from
350–1,800 m/z) followed by 3 MS/MS scans at a rate of 3 spec-
tra per second (50–2,000 m/z). Three most intense ions with a
charge state preference, in the order C2, C3, C4, were used for
fragmentation. The precursor ions selected to be fragmented

Figure 3. Validation of CAMKK2 by immunohistochemistry. (A) Representative sections from gastric cancer cases
stained with anti-CAMKK2 antibody. (B) Representative sections from normal gastric mucosa stained with anti-
CAMKK2 antibody.
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were excluded for next 30 sec. MS/MS data (.d files) were proc-
essed to generate mascot generic format (.mgf) files using Mascot
distiller (Matrix Science Inc., version 2.4.0). The data were then
searched against human RefSeq Build 45 protein sequence data-
base (containing 34,349 sequences with common contaminants)
using Mascot (version 2.2) and Sequest search algorithms
through Proteome Discoverer (Thermo Scientific, Bremen, Ger-
many, version 1.3.0.339). The search criteria included oxidation
of methionine as dynamic modification and methylthio modifi-
cation of cysteine, iTRAQ 4-plex modification at peptide N-ter-
minus and Lysine (K) as static modifications. For both the
searches, precursor mass tolerance of 0.1 Da, fragment mass tol-
erance of 0.1 Da and one missed cleavage were allowed. The data
were searched against a decoy database to calculate the false dis-
covery rate (FDR) at the peptide level. For protein identification,
a cutoff of 1% FDR at the peptide spectrum matches (PSMs)
level was employed. Relative protein level between non-neoplas-
tic and tumor was quantitated using Reporter Ions Quantifier
node of Proteome Discoverer. Network generation and canonical
pathway analysis was carried out using Ingenuity Pathway Analy-
sis software. A data set containing differentially expressed genes

with their corresponding iden-
tifiers and expression values
was entered as input into the
application. Every gene was
mapped to its corresponding
entry in Ingenuity’s Knowl-
edge Base using the accession
numbers. This list of network
eligible molecules was overlaid
onto a global molecular net-
work developed from informa-
tion present in Ingenuity’s
Knowledge Base.

Immunohistochemical
labeling

Immunohistochemical anal-
ysis for CAMKK2 was carried
out on custom tissue microar-
rays generated by Dr. Juan Car-
los Roa. Anti-CAMKK2 rabbit
polyclonal antibody was pro-
cured from Sigma (catalog#
HPA017389). Paraffin embed-
ded sections of normal esopha-
gus were used as controls for
the analysis. These sections
were obtained from the Kidwai
Memorial Institute of Oncol-
ogy, Bangalore. The immuno-
histochemical staining was
carried out as previously
described.47 Briefly, formalin
fixed paraffin-embedded tissue

sections were deparaffinized followed by heat-induced antigen
retrieval in citrate buffer containing 0.05% Tween20, pH6.0 for
10 min. Endogenous peroxidases were quenched using a blocking
solution consisting of hydrogen peroxide. The tissue sections were
incubated with anti-CAMKK2 rabbit polyclonal antibody (1:100)
at 4�C overnight. Normal esophagus sections used as positive con-
trol were stained with the primary antibody while those used as neg-
ative control were treated with antibody diluent. The tissue sections
were subsequently washed with PBS buffer and treated with goat
anti-rabbit secondary antibody conjugated with horse radish perox-
idase. Excess secondary antibody was washed off using PBS fol-
lowed by addition of 3,30-diaminobenzidine peroxidase substrate
(Vector Laboratories Inc., catalog# SK-4100). Once the signal
developed, the reaction was stopped by rinsing the tissue sections
with water. The slides were counter-stained with hematoxylin,
mounted and observed under the microscope. The immunohisto-
chemical labeling was assessed by an experienced pathologist
(RVK) and staining intensity was scored as negative (0), weak
(1C), moderate (2C) and strong (3C). A Chi-square test was car-
ried out to determine the significance of the immunohistochemis-
try results.

Figure 4. Silencing of CAMKK2 decreases cellular proliferation in gastric cancer cells. (A) Western blotting was
done using anti-CAMKK2 antibody to study the relative expression level of CAMKK2 in a panel of gastric cell lines.
GAPDH was used as a loading control. Gastric cancer cell lines were transfected with CAMKK2 siRNA and cell pro-
liferation was assessed for (B) AGS, (C) KATO-III, (D) SNU-16 and (E) NCI-N87cell lines.
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Cell culture
Gastric cancer cell lines,

AGS, KATO-III, NCI-N87,
and SNU-16 were obtained
from ATCC (Manassas, VA).
All cell lines were grown in
RPMI medium (Gibco,
Grand Island, NY) supple-
mented with 10% FBS and
were maintained at 37�C in
humidified atmosphere with
5% CO2.

Western blot analysis
Gastric cancer cells were

cultured in their specified
media. Whole cell extracts
were prepared using RIPA
buffer (10 mM Tris pH 7.4,
150 mM NaCl, 5 mM
EDTA, 1% Triton-X-100,
0.1% SDS) containing prote-
ase inhibitors (Roche, Indian-
apolis, IN). Rabbit polyclonal
anti-CAMKK2 antibody was
obtained from Sigma (St.
Louis, MO; catalog #
HPA017389). Total AMPKa
(#2532), Phospho-AMPKa
(Thr172) (#2535), FoxO3a
(#2497), Phospho-FoxO3a
(Ser413) (#8174) and
GAPDH (#2118) antibodies
were obtained from Cell Signaling Technology (Cell Signaling
Technology, Beverly, MA). Western blot analysis was performed
as previously described48 using 30 mg protein lysate.

siRNA transfection
ON-TARGETplus SMARTpool control siRNA and

CAMKK2 siRNA were obtained from Dharmacon (Lafayette,
CO). The adherent cell lines AGS and NCI-N87 were trans-
fected with RNAiMAX (Invitrogen, Grand Island, NY) following
manufacturer’s instructions. Transfection was carried out as pre-
viously described.49 Cells were subjected to immunoblot analysis,
invasion assay and viability assay 48 hrs post-transfection, unless
otherwise stated.

siRNA transfection of suspension cell lines SNU-16 and
KATO-III were carried out using nucleofection technology
(Amaxa, Cologne, Germany) as previously described.50 Briefly,
1.5 £ 106 cells were collected and suspended in 100 ml of Nucle-
ofector solution V (AmaxaTM cell line optimization Nuclefec-
torTM kit, Catalog number- VCO-1001N). The cells were
transfected by electroporation using previously optimized electric
pulse T20 of Nucleofector II TM (Amaxa Biosystems, Natterman-
nallee 1, 50829, Koeln Germany) according to the man-
ufacturer’s instructions.

Cell proliferation
AGS, KATO-III, NCI-N87 and SNU16 cells were seeded in

12-well plates (1.2 £ 104 cells/well) and transfected with
CAMKK2 or scrambled siRNA. Cells were counted every
24 hours post-transfection for 120 hours (5 days). All experi-
ments were performed in triplicate and standard deviation was
calculated.

Colony formation assays
Gastric cancer cell lines were transfected with CAMKK2 or

scrambled siRNA. After 48h post transfection, 1 £ 105 cells were
seeded into 100-mm Petri dishes with complete media. The
resulting colonies were fixed with methanol, and stained with
Giemsa (Sigma, St. Louis, MO). The number of colonies per
dish was counted. All experiments were performed in triplicate
and standard deviation was calculated.

Invasion assays
Invasion assays were performed in a transwell system (BD Bio-

sciences, San Jose, CA) with Matrigel-coated filters, and cellular
invasion was evaluated after 72 hours as described.51 Briefly,
invasive property of the cells was assayed in the membrane inva-
sion culture system using PET membrane (8-mm pore size).The

Figure 5. Silencing of CAMKK2 decreases the colony formation ability and invasive property of gastric cancer cell
lines. Gastric cancer cell lines were transfected with CAMKK2 siRNA and assessed for either colony formation or
invasion ability. (A) Colony formation ability of AGS was decreased post transfection with CAMKK2 siRNA. (B) A
graphical representation of the same. (C) Silencing of CAMKK2 led to a decrease in the invasive property of AGS.
(D) A graphical representation of the invasive property of AGS and KATO III (KATO III being a suspension line, inva-
sion ability was studied by counting the cells in the upper chamber and the lower chamber of the membrane
coated with Matrigel).
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upper compartment of a transwell coated with Matrigel (BD Bio-
Coat Matrigel Invasion Chamber). Cells were harvested using
trypsin-EDTA buffer and washed with serum free media. The
cells were seeded at density of 2.0 £ 104 cells per 500 ml of
serum free media on the Matrigel-coated PET membrane in the
upper compartment. The lower compartment was filled with

complete growth media and the plates were
incubated at 37�C for 72 hours. Post incu-
bation time, the upper surface of the mem-
brane was wiped with a cotton-tip
applicator to remove non migratory cells.
Cells that migrated to the lower surface of
membrane were fixed and stained by methy-
lene blue. Each measurement was performed
in duplicate and the experiments were
repeated 3 times.

Availability of proteomic data
The data generated in the course of this

study has been deposited in publicly avail-
able databases to make it accessible to the
scientific community. The mass spectrome-
try data files were submitted to the Proteo-
meXchange Consortium (http://
proteomecentral.proteomexchange.org) via
the PRIDE public data repository.52 The
data can be accessed using dataset identifier
PXD000585. The immunohistochemistry
data and lists of proteins and peptides iden-
tified in this study were also submitted to
Human Proteinpedia18 (http://www.
humanproteinpedia.org). The protein and
peptide lists can be visualized using the
link http://www.humanproteinpedia.org/

data_display?exp_id=00697. The immunohistochemistry data
for CAMKK2 can be visualized with the link http://
www.humanproteinpedia.org/Experimental_details?exp_idD
TE-245973 for adjacent non-neoplastic tissue and http://
www.humanproteinpedia.org/Experimental_details?can_idD
105421 for tumor tissue.

Figure 6. Silencing of CAMKK2 decreases AMPK activity in gastric cancer cells Gastric cancer cell
line. AGS, KATO-III SNU-16 and NCI-N87 cell lines were transfected with either CAMKK2 or scram-
bled siRNA. Expression of Total CAMKK2, p-AMPKa (Thr172), Total AMPKa, p-FoxO3a (Ser413)
and Total FoxO3a were probed by Western blot. GAPDH was used as control.

Table 1. A partial list of overexpressed proteins identified in gastric adenocarcinoma

Novel proteins found to be overexpressed in gastric adenocarcinoma

Gene symbol Protein Function Fold-change
CAMKK2 Calcium/calmodulin-dependent

protein kinase kinase 2
Plays a role in calcium/calmodulin-dependent

signaling cascade
7.0

CNN2 Calponin-2 Functions in the structural organization
of actin filaments

2.7

PRELP Prolargin Anchors basement membrane
to underlying connective tissue

2.6

FLNA Filamin-A Involved in cytoskeletal remodeling 2.0

Overexpressed proteins that were previously reported in gastric adenocarcinoma
Gene symbol Protein Function Fold-change Citation
TAGLN Transgelin Involved in actin cross linking 3.4 Huang et al, 200835

BGN Biglycan Involved in reassembly of collagen
filaments and muscle generation

2.4 Wang et al, 201137

HSPB1 Heat shock protein b-1 Involved in stress resistance and
organization of actin filaments

2.3 Ren et al, 200636; Ryu et al, 200353

S100A8 Protein S100-A8 Involved in cell cycle progression
and differentiation

2.1 Yong et al, 200743

S100A6 Protein S100-A6 Involved in cell cycle progression
and differentiation

2.0 Wang et al, 201042
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